Summary. Osteoclasts of rat parietal bones were cultured and observed under the transmission electron microscope. The processes forming the ruffled border were studied three-dimensionally by a reconstruction method. After the observation of one plane (A-plane), serial ultrathin sections were made at right angles to the A-plane (B-plane). The processes of the ruffled border in the B-plane were reconstructed, based on the A-plane features, with Nikon Cosmozone 2S.
. Many investigators have thought that the well developed ruffled border corresponded to the finger-like processes, and the poorly developed one to the foliate processes.
The structure of the processes forming the ruffled border remained poorly understood, because of its very complex three-dimensional morphology. Recently it has been reported that the ruffled border is composed of both finger-like and plate-like processes and that these processes branch from stem processes (DOMON and WAKITA, 1986) . This was the result of observations of an osteoclast along two planes crossing at right angles; this still left the complete threedimensional structure of the ruffled border, especially of the plate-like processes, to be observed.
Many investigators have cultured osteoclasts and noted the structures of the ruffled border, reporting that the structures in vitro were comparative with those in vivo (KALLIO et al., 1971 (KALLIO et al., , 1972 HOLTROP et aL, 1974; WEZEMAN et al., 1979; KO and BERNARD, 1981; MILLER, 1984) .
The exact structure of the ruffled border in threedimensions has not yet been reported. The present study therefore aims to clarify the three-dimensional structure of the ruffled border in vitro by using a computerized reconstruction method.
MATERIALS AND METHODS

Organ culture
The parietal bones of 3-day-old Wistar strain rats were aspectically dissected out, and halved along their median lines in a HEPES buffered medium. They were then placed in culture dishes, and incubated at 37C for 48 h under 5% CO, in air. The culture medium (5ml per dish), BGJb (GIBCO) containing 10% foetal calf serum (FLOW), was replenished every 24h.
Electron microscopy After incubation, specimens were quickly washed in a HEPES buffered solution and immersed in a 2% paraformaldehyde-2.5% glutaraldehyde mixture buffered at pH 7.4 with 0.05M sodium cacodylate at 4C for 4h. The specimens were decalcified in 2% ascorbic acid (WAKITA et al., 1983a, b) for 6h, and postfixed in 1% osmium tetroxide for 3h. They were stained en bloc with 4% uranyl acetate and dehydrated with a graded series of ethanol and embedded in Epon 812.
After sectioning the osteoclast (A-plane), the block was remounted to obtain sections of the same cell at right angles to the A-plane following the method by Figure 1 . Fiducial marks are the margin of the B-plane (B) and the exposed structural components on the B-planes correspond to the A-plane (A). Based on these marks, the structures seen on the B-planes are correctly reconstructed. Fig. 3 . Electron micrograph showing an osteoclast resorbing the bone (*). The ruffled border (RB) is situated on the surface of the bone and the clear zone (CZ) encloses the ruffled border. This micrograph is the A-plane, and the sections of the B-planes were serially made and selected at the sites indicated by the lines (line. 1, 2, 3) at right angles to this A-plane. Line 1 is the area composed of vacuoles. Lines 2 and 3 are areas composed of the ruffled border. x7,600 DOMON and WAKITA (1986) . Serial ultrathin sections of this osteoclast were produced (B-planes), stained with uranyl acetate and lead citrate, and observed with a transmission electron microscope, Hitachi H-7000, at 100kV.
Thee-dimensional reconstruction Reconstruction was made by ordering the B-plane sections so as to correspond to the A-plane micrograph. The correspondence of the B-planes to the A-plane was determined by the method of DOMON and WAKITA (1986) . The structures seen on the A-plane appeared on each of the margins of the B-planes as points and lines. When the margins of the B-planes were correctly ordered, these margins would form a flat plane, and the points and lines on the margins of the B-planes were integrated to again make the structures seen on the A-plane. This method proved useful as a fiducial marking method for electron microscopic reconstruction (Figs. 1, 2 ). Following this, some of the processes on the B-planes were selected and traced, based on fiducial marks at the margins of the B-plane sections. When processes were sectioned obliquely and their contours showed unclear lines, their centers were traced. The traced processes were input serially into a Three-Dimensional Graphic Analytic System Cosmozone 2S (Nikon) based on the fiducial lines for reconstruction along the B-planes. Semi-solid models were selected for diagrams to be displayed.
RESULTS
Two-dimensional structure
A multinucleated osteoclast facing the bone was showing the area composed of vacuoles sectioned along line 1 of the A-plane (Fig. 3) continued to the clear zone which enclosed the ruffled border ( Fig. 3 ) (HOLTROP et al., 1974; KING and HOLTROP, 1975) . The ruffled border was composed of many cytoplasmic processes of various shapes. These processes were generally divided into two types: one appeared round or oval in cross sections, while the other was elongated processes arranged parallel to each other. Almost all of these processes branched from stem processes that continued to the cell body. When the processes were sectioned obliquely, the membrane showed indistinct contours. borders. In many ruffled borders there were intermediate processes which did not belong to either the finger-like or plate-like processes. The ratio and number of the branching processes originating from stem processes also varied.
Bidirectional observation
Figures 5A and 5B show an area of vacuoles near the ruffled border sectioned at a right angle to the Aplane along line 1 (Fig. 3) . The vacuoles occupying this area were three-dimensionally represented as bulbous; some continued to the cell membrane that joined the ruffled border near the bone resorbing sites.
Figures 6 and 7 show areas of the ruffled border sectioned at right angles to the A-plane along line 2, 3 (Fig. 3) as shown in Figure 5 . These figures show that when the processes in the A-plane (6A) were sectioned perpendicularly to their axes, the same processes appeared as elongate structures on the B-plane (6B). When these processes were sectioned obliquely to their axes, they appeared as elongate or plate-like structures with indistinct contours on the B-plane (6B). The branching figures from some stem processes on the B-plane (6B) were also observed along the A-plane (6A), and the round or oval structures between these branched processes were also seen on the B-plane (6B). When the elongate processes of the A-plane (7A) were sectioned parallel to their axes, they appeared as broad plate-like structures (7B). These observations suggest that the ruffled border seen in Figure 4 is mainly composed of plate-like processes arranged parallel to each other and situated perpendicularly to the bone surface, and that finger-like processes are intricately interwoven among these plate-like processes.
Three-dimensional reconstruction
Plate-like process Figure 8C is a reconstructed process seen on the B-planes and shows the final model of the process. This model is displayed as looking obliquely from the cell body to the bone surface. Figure 8A shows the distal part of Figure 8C when graphic calculation starts, and Figure 8B shows the intermediate part of it when calculation is interrupted to better display the part missing from Figure 8C . Figure 8B shows that a process continues to the cell body via a stem process. At the area of the stem process, the plane corresponding to the A-plane showed as a flat plane. The pieces forming the stem process appear as layers, but these layers are artifacts of the method of presentation, the actual form of process being smooth and continuous. This means that the process projects obliquely to the B-plane and/or A-plane, and the membrane of the process is sectioned obliquely in this area. These figures also show that the process further branches into two plate-like processes which are arranged parallel to each other, situated perpendicularly to the bone surface. Finger-like processes are shown between these plate-like processes. Figure 9C is a reconstructed model seen on the B-planes as shown in Figure 8C . This model is displayed as looking obliquely from the bone surface to the cell body. The plane corresponding to the A-plane is shown as the flat plane. The stem process starts as Diagrams showing the reconstructed plate-like process seen on the B-planes (blue) by using the structure of the A-plane as the fiducial marks. 8C shows the final model displayed as looking obliquely from the cell body to the bone surface (-). The process exposed on the A-plane shows as the flat plane (yellow). 8A shows the distal part of 8C when the graphic calculation starts, and 8B shows its intermediate part. They show that the stem process (arrow head) further branches into two plate-like processes. The pieces forming the stem process appear as layers (c), because these membranes are sectioned obliquely. Finger-like processes (arrow) are seen between these processes. x17,000 Fig. 9 , A-C. Diagrams showing a reconstructed stem process. 9C shows the final model dispayed as looking obliquely from the bone surface (v) to the cell body. The stem process (a) starts as an infolding of the cell membrane and then branches into five terminal processes (arrow head), and these are arranged parallel to form the ruffled border. Finger-like processes (arrow) are seen between these processes. x17,000 Fig. 10 , A-C. Diagrams showing a reconstructed belt-like process. 10C shows the final model displayed as looking obliquely from the cell body to the bone surface (-). The stem process (arrow head) branches into two belt-like processes and the pieces forming these processes appear as layers (1), because these membranes are sectioned obliquely. These processes also show that they change their directions at a right angle to the A-plane, and arranged parallel. These are situated perpendicularly to the bone surface. Finger-like processes (arrow) are seen between these processes. x17,000 an infolding or bulge of the cell membrane (Fig. 9A) , and then branches into five processes at the distal part (Fig. 9C) . Five terminal branches are arranged parallel to form the ruffled border. This model shows the stem process comprising short infoldings of the cell membrane. Finger-like processes also branch from stem process, in the manner of plate-like processes.
Stem process
Belt-like process Figure 10C shows a reconstructed process that is three-dimensionally distorted in complex directions. This model is displayed as looking obliquely from the cell body to the bone surface. The A-plane is shown as the flat plane and the stem process branches into two belt or plate-like processes in Figure IOC . Figure bOC also shows that these branching belt-like processes bend to form a hollow concave in the A-plane. These are arranged parallel to each other, and appear as concentric arrangements along the B-plane (Fig. 10B ). In the distal part they form large belt or plate-like structures extending perpendicularly to the bone surface (Fig. 10A ). This model further shows that the belt-like process changes its direction at a right angle to the A-plane between the stem process and the bone surface. Some finger-like processes are recognized between these belt-like processes, and while they branch from the stem process, they do not orient to the bone surface.
DISCUSSION
The morphology of the ruffled border has been reported repeatedly, but its three-dimensional structure has remained obscure (SCOTT and PEASE, 1956; GONZALES and KARNOVSKY, 1961; DUDLEY and SPIRO, 1961; FETTER and CAPEN, 1971; KALLIO et al., 1971; LUCHT, 1972; LUK et al., 1974; MILLER, 1978) . Recently the ruffled border in vivo was described three-dimensionally to be a mixture of both finger-like and platelike processes (DOMON and WAKITA, 1986 ). However, this was an insufficient representation of the threedimensional structure of the ruffled border, because it was based only on observations from two directions. The present study attempted to reconstruct processes of the ruffled border by serial ultrathin sections, and to clarify their detailed three-dimensional structures. Previous investigators have demonstrated reconstructed models of the ruffled border by light microscopy. The most important point in reconstruction was how to establish fiducial marks for each section in order to arrange serial sections correctly (HEARD, Fig. 11 . Diagrams showing the three-dimensional structure of the plate-like process. When the plate-like process is sectioned perpendicularly to its axis, the electron micrograph shows an elongate structure (a); when the processes is sectioned obliquely to its axis, it shows elongate or plate-like structures with unclear contours (b); when the process is sectioned in parallel to its axis, it shows a broad plate-like structure with partially unclear contours (c). Fig. 12 . Diagram showing the three-dimensional structure of the finger-like process. When the finger-like process is sectioned perpendicularly to its axis, the electron micrograph shows a round structure (a); when the process is sectioned obliquely to its axis, it shows a round or oval structure with unclear contours (b); when the process is sectioned in parallel to its axis, it shows an elongate structure (c).
1931; BURSTON and THURLEY, 1957; OSBORN, 1967) . OOE (1981) made three or more holes in celloidin blocks and infused India ink before sectioning, so that black points corresponding to the respective holes in the celloidin block appeared on the serial sections. Thee serial sections could be arranged precisely according to this method. Such a method is useful for a precise reconstruction of serial sections, but is not readily applicable to electron microscopic reconstruction, because it is impossible to make holes in very small blocks. Other marks in sections have been used for ordering-knife scratches, for example (FELLUGA, 1976; GRAABEK, 1982) . However, this method leaves much to be desired because the fiducial lines are in one direction and still other marks are necessary to order sections correctly, and sometimes these marks hinder the reconstruction of structures. In the present study we first observed an osteoclast on the A-plane, and next observed the same cell on the B-planes. Then, based on the A-plane, the structures on the B-plane sections were serially input into the computer, and the three-dimensional structure was reconstructed.
We therefore believe that the figure of the A-plane can be used to order the B-plane sections, and that this is a good marking method for electron microscopic reconstruction.
However, this method has some disadvantages:
it is impossible to reconstruct a whole cell body, as it is limited only to the part of the cell bordered by the A-plane, and the thickness of serial ultrathin sections creates further limitations. These problems must be considered in future studies. Computerized reconstructions also have several short comings. The processes that were three-dimensionally distorted in complex directions could not be completely reconstructed by fully linked models, which is why we selected semi-solid models in this study. Such cases require more powerful computers and sorftware.
The present study again showed that the threedimensional shapes of cytoplasmic processes forming the ruffled border were divided into finger-like and plate-like types (Figs. 11, 12 ). This supports our recent bi-directional observation of osteoclasts in vivo (DOMON and WAKITA, 1986) . The present study further showed that the cytoplasmic processes branched from some stem processes that directly continued to the cell body. The reconstructed model of the stem process suggests that the stem process starts as an infolding or bulge of the cell membrane which then branches into several stem processes. This agrees partially with previous descriptions of the ruffled border as infoldings of the cell membrane (SCOTT and PEASE, 1956; GONZALES and KARNOVSKY, 1961; DUD-LEY and SPIRO, 1961; KALLIO et al., 1971; LUCHT, 1972) . However, the salient part is so short that the term "membrane infoldings" does not adequately express the entire structure of the processes.
The present study also showed the differences between the finger-like and plate-like processes : the finger-like processes did not branch intricately, while the plate-like ones did, and the former were shorter than the latter. Moreover, the finger-like processes did not regularly orient to the resorptive surface like the plate-like processes; instead, they always followed curving or meandering courses and were present among the plate-like processes. On the other hand, the plate-like processes branched several times from the stem processes to form the terminal and branched secondary plates. It is postulated that the ruffled border shown along the A-plane (Fig. 4) is a complicated mixture of finger-like and plate-like processes. These observations also confirm previous descriptions that the ruffled border has two types of processes (HOLTROP et al., 1974; LUK et al., 1974; MARKS, 1978; WEZEMAN et al., 1979; KO and BERNARD, 1981; MARKS and WALKER, 1981; MILLER, 1984 MILLER, , 1985 . The ruffled border seen in Figure 4 was occupied by more plate-like processes than finger-like processes. Areas occupied either by the finger-like or by the plate-like processes were also observed, and the distribution of the two types of areas showed no apparent regularity in the ruffled borders. This confirms our previous results in vivo (DOMON and WAKITA, 1986) . DOMON and WAKITA (1986) also observed intermediate processes resembling neither the finger-like nor the platelike processes. These processes may represent the transitional form between these two types of processes.
Many configurations of the processes of the ruffled border have been reported to correlate with the developmental stages of the ruffled border (KALLIO et al., 1972; HOLTROP et al., 1974; MILLER, 1978; HOLTROP et al., 1979; WEZEMAN et al., 1979; MILLER, 1984 MILLER, , 1985 , and some investigators have classified the processes of the ruffled border based on the depth and number of membrane infoldings (HOLTROP et al., 1974; LUK et al., 1974; MARKS, 1978; WEZEMAN et al., 1979; KO and BERNARD, 1981; MARKS and WALKER, 1981; MILLER, 1984 MILLER, , 1985 . According to this classification, the areas of the ruffled border composed of the finger-like and plate-like processes as observed in the present study may respectively correspond to the well developed ruffled border and poorly developed one. In this context, it may be reasonable to expect a characteristic arrangement of the processes, i. e., the localization of the finger-like processes in the central area of the lacuna and the plate-like ones in the peripheral areas. This, however, is apparently not the case as observed in this study. Therefore, it may be reasonable that the structure of the processes of the ruffled border does not indicate the developmental stages of the processes. This consideration, which supports our previous argument (DOMON and WAKITA, 1986) , seems to deserve further evaluation, though it is based on merely circumstantial evidence. Current observations revealed the following two characteristic features of the ruffled border: firstly, two types of processes plus intermediate processes are mixed in one ruffled border; and secondly, the ratio of the surface areas occupied by the finger-like and plate-like processes varies within one ruffled border. The distribution pattern of the different types of processes suggests that the ruffled border of the osteoclast is divided into some functionally different areas which constantly change during the course of bone resorption.
It seems reasonable to suggest that the topographic differences of the processes of the ruffled border might reflect changes in the microenvironment within each lacuna during bone resorption. Many investigators have reported that during bone resorption, both the mineral and organic matrix are resorbed simultaneously by the osteoclast through the ruffled border (KALLIO et al., 1972; LUCHT, 1972; BONUCCI, 1974; SUZUKI, 1974; ALI et al., 1984; JONES et al., 1985) . Accordingly, it might be possible that the finger-like and plate-like processes respectively correspond to one of the mineral and organic resorptive phases. However, to elucidate the correlation between the structure of the cell processes of the ruffled border and its function, a precise knowledge of the developmental changes as well as histochemical features of the processes will be needed.
